The gonadal soma-derived factor (GSDF) is a new member of the transforming growth factor beta (TGF-beta) superfamily that regulates the proliferation of the primordial germ cells (PGC) in developing embryos and spermatogonia in juvenile male trout. The gsdf transcripts are expressed in the somatic cells supporting germ cell development. In zebrafish, we show that GSDF is encoded by a single copy gene that generates polymorphic transcripts and proteins. We determined that gsdf gene expression occurs before gonadal differentiation and is restricted to the gonads. Gene expression is maintained in adult granulosa cells and Sertoli cells but decreases in the cells that are in contact with meiotic and postmeiotic germ cells. Using zebrafish transgenic lines, we demonstrate that the 2-kb proximal promoter region of the gsdf gene targets high levels of transgene expression in the Sertoli and granulosa cells, and is sufficient to mimic the temporal expression pattern of the endogenous gsdf gene from 16 days postfertilization onward. We identified within the first 500 bp evolutionarily conserved DNA motifs that may be involved in Sertoli and granulosa cell-specific expression. However, the 2-kb proximal promoter region failed to drive efficient expression of the transgene in the gonads in four transgenic medaka lines. We propose that the proximal promoter region can be used to target candidate gene deregulation in zebrafish granulosa and Sertoli cells. Furthermore, the green fluorescent protein-expressing zebrafish lines produced in the present study are new valuable models for cell lineage tracing during sex differentiation and gametogenesis.
INTRODUCTION
Members of the transforming growth factor b (TGF-b) superfamily exert a crucial function on the control of male germ cell proliferation and/or differentiation. In Drosophila, two TGFb proteins (Dpp and Gpp) acting as a heterodimer stimulate the proliferation of the male germ stem cells [1, for review] . In vertebrates, activin B increases spermatogonia proliferation in rat [2] and eel testis [3] . The anti-Müllerian hormone (AMH) secreted from the pre-Sertoli cells induces the regression of the Mü llerian ducts in mammals [4, 5] and modulates the proliferation of the spermatogonial cells in fish [3, 6] .
The gonadal soma-derived factor (GSDF) is a new member of the TGF-b superfamily that was first identified in adult trout testis, with highest expression levels found in prepubertal animals [7] . Sawatari et al. [8] renamed the factor GSDF and showed that its expression was restricted to the gonads. Gene expression first occurs before hatching at 30 days post fertilization (dpf) in trout embryos and is limited to the somatic cells of the genital ridge that support germ cell development [8] . In sexually mature male trout, gene expression is high in the Sertoli cells surrounding the spermatogonia but progressively decreases in the cells that are in contact with meiotic and postmeiotic germ cells. In sexually mature female, gene expression is high in the granulosa cells in contact with oogonia and previtellogenic primary oocytes and decreases in the cells surrounding fast-growing vitellogenic oocytes. In vitro culture experiments show that Gsdf stimulates the proliferation of the spermatogonia [8] . Similarly, in medaka, gsdf gene expression is first detected in the somatic cells surrounding germ cells and is differentially expressed in male primordial gonads at 6 dpf, prior to the onset of testicular differentiation [9] . In sexually mature medaka, gsdf expression is also sustained in Sertoli and granulosa cells, with the highest expression levels in the cells surrounding spermatogonia or oogonia. Gene expression decreases in the somatic cells supporting the proliferation and differentiation of the meiotic and postmeiotic germ cells [9, 10] . These observations show that gsdf gene expression is tightly regulated. However, the mechanisms underlying the expression pattern of this important factor regulating primordial germ cells (PGC) and spermatogonial proliferations have not yet been investigated.
In general, the molecular mechanisms triggering gene expression in Sertoli and/or granulosa cells are poorly understood. In mammals, studies have tested the ability of promoter fragments to drive in vivo gene expression in the somatic cells of the gonads using transgenic animals. Very few promoters were shown to target transgene expression specifically in the Sertoli and granulosa cells, and they include the amh promoter [11] . Targeting these two cell types using the same promoter was expected because the Sertoli and granulosa cells derive from a common progenitor cell type [12] . Other promoters trigger transgene expression in the Sertoli cells only [13, 14] . Amazingly, other promoters drive gene expression in the Sertoli cells and in the germ cells [15, 16] or in extragonadal tissues. In transgenic mouse, the proximal promoter of the gata4 gene directs reporter gene expression in the Sertoli cells and in extragonadal tissues, including heart, kidney, and pancreas. No expression occurs in the granulosa cells [17] . Detailed studies carried out only in mammals have resulted in the identification of cis regulatory elements involved in Sertoli cell-specific expression. They include CRE (cAMP response element), bHLH (basic helix-loop-helix), USF1 and USF2 (Upstream Stimulatory Factors 1 and 2), SOX, GATA, and SF1 (Steroidogenic Factor 1) binding motifs [18] [19] [20] [21] [22] .
In fish, to our knowledge, only one study reported the cellspecific expression of a transgene in Sertoli and granulosa cells. The sox9b/sox9a2-EGFP transgenic medaka line was generated using a large genomic fragment originating from a bacterial artificial chromosome (BAC). The green fluorescent protein (GFP)-expressing transgenic line was used to trace the Sertoli/granulosa cell progenitors during the sexual differentiation of the primordial gonads [23] and to describe the germinal niche in medaka ovaries [24] .
We recently reported that the gsdf gene was localized within a syntenic chromosomal fragment harboring clustered genes that were evolutionarily conserved and preferentially expressed in medaka ovary. Interestingly, the gsdf-surrounding genes (nup54, aff1, klhl8, and sdad1) were expressed in previtellogenic primary oocytes but not in the granulosa cells. Moreover, the ppef2 gene located immediately upstream to the gsdf gene was preferentially expressed in the eyes but not in the gonads [10] . These data suggested that the cis DNA regulatory elements involved in the spatio-temporal expression pattern could reside within the intragenic and/or the flanking regions of the gsdf gene.
In the present study, we investigated the molecular mechanisms underlying the spatial and temporal expression pattern of the gsdf gene in zebrafish. We first show that the expression pattern of the gsdf gene in zebrafish is similar to that observed in trout and medaka gonads, suggesting that Gsdf function is likely conserved in zebrafish. We investigated the function of the 2-kb proximal promoter region fused to the GFP reporter using transgenic fish lines. We demonstrate that this proximal promoter region contains all the information to mimic the complex and tightly regulated expression profile of the endogenous gsdf transcripts in zebrafish. This implies that the spatio-temporal expression pattern of the gsdf transcripts is mainly regulated at the transcriptional level. Using a comparative analysis of the proximal promoter fragment, we reveal evolutionarily conserved DNA motifs potentially involved in Sertoli and/or granulosa cell-specific expression.
MATERIALS AND METHODS

Fish Maintenance and Handling
AB strain zebrafish (Danio rerio) and Carbio medaka (Oryzias latipes) were bred in our facilities. The zebrafish AB strain was originally obtained from ZIRC. The Carbio strain was purchased from Carolina Biological Supply. The animals were maintained in a recirculating water system at 278C, pH 7.5, under oxygen saturation. Zebrafish were reared at a photoperiod of 16L/8D. Medaka were kept under a 12L/12D regime and exposed to a 14L/10D photoperiod 2 wk before mating to allow them to sexually mature. Offspring was obtained by natural mating. Fertilized eggs were collected 1 h after the light was switched on. Fish were anesthetized before observations, caudal fin biopsy, or euthanization. The procedures used are in agreement with the guidelines for care and use of animals at the National Veterinary School of Nantes, France. The personnel were trained and qualified for animal experimentations.
In Silico Analysis of the gsdf Proximal Promoter Sequence
The gsdf gene counterparts were identified in the genome of Gasterosteus aculeatus, Danio rerio, Oryzias latipes, Takifugu rubripes, and Tetraodon nigroviridis using the ENSEMBL genome browser (http://www.ensembl.org/ index.html) and the trout Gsdf protein (NP_001118051) as query sequence. The gsdf gene locus was compared between the different species, and a phylogenetic analysis was carried out to ensure the orthology relationships. The 2000 bp located upstream to the putative translation initiation codon (þ1) were aligned, and conserved motifs were determined using the Multiple Em for Motif Elicitation software (http://meme.sdsc.edu/meme/intro.html). The putative transcription factor-binding motifs located in the conserved regions were identified using the Transcription Element Search System software (http:// www.cbil.upenn.edu/cgi-bin/tess/tess).
Transgene Production
The À2041/þ2 promoter fragment of the zebrafish gsdf gene was amplified from AB strain zebrafish genomic DNA by nested PCR using specific primers zfBMPx1fw2kb and zfBMPx1rev2kb in the first PCR reaction ( Table 1 ). The first PCR product was diluted 1:50, and the second reaction was carried using the zfBMPx1(attB1) and zfBMPx1(attB2) primers. The final PCR product was inserted into the transgenesis vectors using the Gateway cloning system (Invitrogen). The gsdf proximal promoter flanked by attB1 and attB2 sequences was first inserted into the pDONR221 entry vector using the BP Clonase (Invitrogen). An LR recombination was then carried out between the Dr_gsdf:pDONR221 entry vector and the p1.72BSSPE/ISceI/RfA-Venus (http://amagen.inaf.cnrs-gif.fr) destination vector to place the gsdf proximal promoter upstream to the yellow fluorescent protein (YFP; venus GFP) open reading frame. The Dr_gsdf:eGFP vector was obtained by conducting an LR recombination reaction involving the entry vector and three additional plasmids of the Tol2kit [25] : p5E-MCS (5 0 element containing a multiple-cloning site); p3E-EGFPpA (3 0 element containing the eGFP ORF plus SV40 late polyA), and pDestTol2pA (destination vector flanked by the Tol2 inverted repeats) (Fig. 1 ). BP and LR reactions were conducted according to the manufacturer's instructions (Invitrogen). DNA sequencing reactions were performed to check the nucleotide sequence accuracy of the gsdf gene promoter and cloning sites. The DNA plasmids were amplified in the DH5a cells and purified using the EndoFree plasmid purification kit following the manufacturer's instructions (Qiagen).
DNA Microinjection in One-Cell Stage Embryos
The Dr_gsdf:YFP construction was injected through the chorion into the cytoplasm of medaka one-cell-stage embryos as described previously [26] . Zebrafish eggs were microinjected with a mixture containing Dr_gsdf:eGFP vector (6.25 ng/ll), Tol2 transposase enzyme mRNA (6.25 ng/ll), and phenol red (0.1%). The tol2 transposase capped mRNA was in vitro transcribed from pCS2FA-transposase vector [27] using the mMessage MMachine SP6 kit (Ambion). The DNA solutions were injected using an MPPI-3 Pressure Injection System (Applied Scientific Instrumentation) and borosilicate glass capillaries (1.0-mm outer diameter 3 0.5-mm inner diameter; GC100FS-10; Harvard Apparatus).
Establishment of Transgenic Fish Lines
The microinjected fish were mated to wild-type animals, and the founders transmitting the transgene to their offspring with the highest frequencies were selected from genotyped pools of 5 to 10 eggs. Pools containing transgenic embryos were detected using a PCR-based screening assay on genomic DNA. The genomic DNA was extracted overnight at 428C under a 1000-rpm agitation in 400 ll containing 10% chelex and proteinase K (0.2 lg/ll). DNA was purified with a phenol/chloroform (1:1) extraction and then ethanol precipitated. DNA concentration was measured at 260 nm using the NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific). For the selection of transgenic juvenile fish (about 50 days old), the genomic DNA was extracted from a biopsy of the caudal fin. PCR reactions were carried out in 25-ll solution containing 150 ng genomic DNA, 5 lM each primer (Table  1 ), 1.5 mM MgCl 2 , 0.2 mM dNTP, 13 GoTaq flexi buffer, and 0.625 U GoTaq polymerase (Promega). PCR cycling conditions were set to 2 min at 958C followed by 35 cycles of 45 sec at 958C, 45 sec at 508C, and 45 sec at 728C. Transgenic zebrafish showing strong GFP fluorescence in gonads were selected by direct observation using the AZ100 Macroscope (Nikon) equipped with a GFP-BP filter (520/35 nm). Digital photos were taken using the DS-Ri1 digital camera and the NIS-Elements D 3.0c software (Nikon Instruments, Amstelveen, The Netherlands).
THE gsdf PROMOTER TARGETS THE GONADS
Reverse Transcription and Real-Time Quantitative Polymerase Chain Reaction
Tissues (gills, brain, heart, liver, muscle, fin, eye, opercula, and gonad) were collected independently, and pools were constituted from three adult transgenic fish. Tissue samples were frozen immediately in liquid nitrogen and stored at À808C until RNA extraction. Total RNA was isolated using the Trizol reagent (Invitrogen). Reverse transcription of total RNA was carried out in a 25-ll solution using 1 lg total RNA, 0.5 lg random primers (Promega), 0.5 mM dNTP, and 200 U MMLV reverse transcriptase (Promega). PCR amplification was performed on 1:80-diluted first-strand cDNA templates, 13 Fast SYBR Green Master Mix (Applied Biosystems) fluorescent dye, and 600 nM of each primer ( Table 1 ). All samples were measured in duplicate. Primer set efficiencies were validated using a one-half dilution series of first-strand cDNA pooled from the different tissues. Primer set efficiencies were close to 100%. Quantitative PCRs (Q-PCRs) were conducted using the StepOne Plus thermocycler (Applied Biosystems). The cycling conditions were as follows: 958C for 20 sec, followed by 40 cycles at 958C for 3 sec and 608C for 30 sec. In order to ensure that a single product was amplified, each run was followed by a melt curve analysis consisting of 50 cycles for 1 sec from 658C to 908C (þ0.58C per cycle). The relative abundance of the transcript was determined using the DCT method [28] . Expression values were normalized using the rRNA 18S as a reference.
Immunohistochemistry
The gonads of transgenic Dr_gsdf:eGFP zebrafish were fixed in 4% paraformaldehyde (PAF) PBS and embedded in paraffin. Sections (5 lm thick) were mounted on polylysine slides. After paraffin removal, immunohistochemistry was performed using an In Situ Pro VS robot (Intavis). For The enhanced eGFP and YFP were used in zebrafish and medaka, respectively. In addition, these transgenes were flanked by tol2 and iSce1 motifs, respectively. Dr_gsdf:eGFP plasmid was coinjected with tol2 transposase mRNA in zebrafish embryos, whereas Dr_gsdf:YFP transgene was excised by iSce1 and injected after purification in medaka eggs. Transgenic fish were identified by individual genotyping from a fin sample. PCR was performed on genomic DNA using the indicated primer set. A 340-bp PCR product was detected by electrophoretic migration in samples originating from transgenic medaka (tg) but not in samples collected from nontransgenic animals (wt). The size of the PCR product was 298 bp for the transgenic zebrafish (not shown).
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horseradish peroxidase (HRP) revelation, we first incubated the tissue sections with 3% hydrogen peroxide for 15 min to quench endogenous peroxydase activity. To detect the GFP protein, the kit Ultra Vision Detection System AntiPolyvalent, HRP/DAB (Lab Vision, Thermo Scientific), was used following the manufacturer's instructions. For fluorescence immunochemistry, the blocking buffer provided with the kit was added for 10 min, and slides were incubated 2 h, with the primary rabbit polyclonal antibody directed against the GFP (ab290; Abcam) diluted 1:750 in 5% bovine serum albumin (BSA). Slides were incubated for 10 min with goat anti-rabbit IgG antibody conjugated with the Alexa Fluor 488 (A11-034; Invitrogen) diluted 1:2000 in 5% BSA/PBS. Between each step, slides were rinsed with PBS/0.1% Tween 20. Slides were mounted in mowiol, and pictures were taken using the ECLIPSE 90i microscope equipped with the DS-Ri1 digital camera and NIS Advanced Research software (Nikon Instruments).
Riboprobes Synthesis and Whole-Mount RNA In Situ Hybridization
The GFP open reading frame was subcloned from the plasmid p1.72BSSPE/ISceI/RfAVenus. The gsdf cDNA was subcloned into the pGEM-T vector (Promega) from reverse-transcribed RNA extracted from zebrafish testes. The specific primer sets used are presented in Table 1 . Riboprobes against GFP and zebrafish gsdf mRNA were synthesized as described previously [10] . Riboprobe size and integrity were checked on the Agilent 2100 bioanalyzer (Agilent Technologies) using the Agilent RNA 6000 Nano kit (Agilent Technologies) according to the manufacturer's instructions.
Whole-mount RNA in situ hybridization (WMISH) was carried out as described previously [10] . The proteinase-K treatment (25 lg/ml) was conducted at 378C for 20 min. Both antisense and sense riboprobes were used at the same concentration (500 ng/ml), and all hybridizations were carried out on at least two different biological samples.
Colocalization of the amh Transcripts and GFP Protein in Zebrafish Testis
Gene (amh) and transgene expressions were localized in Dr_gsdf:eGFP zebrafish testis using a double labeling method combining WMISH and immunochemistry to detect the amh transcripts and the GFP protein, respectively. The amh antisense riboprobe was labeled with UTP-fluorescein, and the WMISH was carried out as described previously [10] . Samples were embedded in paraffin, and 5-lm tissue sections were prepared on polylysinecoated slides. Sections were deparaffined, washed three times in PBS (5 min each), and incubated in 0.05% Triton/PBS for 10 min. After three washes in PBS, sections were incubated in 5% BSA for 1 h at room temperature. Primary antibodies directed against the fluorescein (1:100; SP-0601; Vector Lab) and GFP protein (1:750; ab290; Abcam) were diluted in 5% BSA/PBS and applied on the sections. The incubation was conducted at 48C overnight in a humid chamber. Then, sections were washed three times in PBS and incubated for 2 h at room temperature in the presence of secondary antibodies (catalog numbers A11059 and A11058; Invitrogen) diluted 1:200 in 5% BSA/PBS. Finally, slides were rinsed three times in PBS and mounted in mowiol. Images were taken using the ECLIPSE 90i microscope equipped with Texas Red and fluorescein isothiocyanate filters.
RESULTS
The complex expression profile of the gsdf gene was previously described in trout and medaka but not in zebrafish. In addition, the mechanisms underlying the tissue-and cellspecific expression of this gene were not yet investigated. In order to determine whether the spatio-temporal expression pattern of the gsdf gene was mainly regulated at the transcriptional level, we have generated zebrafish transgenic lines carrying the GFP reporter gene under the control of the proximal promoter region of the zebrafish gsdf gene.
Identification of a Single-Copy gsdf Gene That Generates Polymorphic Transcripts in Zebrafish
We identified a single copy of the gsdf gene on the zebrafish genome using the Ensembl genome browser and the amino acids sequence of the trout Gsdf protein as query. The zebrafish Gsdf protein was deduced from the open reading frame of the candidate gene, and the orthology assignment was first confirmed using the reciprocal best blast hit method and phylogenetic analyses. The latter was carried out with different members of the TGF-b superfamily and other Gsdf-related proteins expressed in teleostean fish species. The structure of the gsdf gene deduced from Danio rerio, Takifugu rubripes, Gasterosteus aculeatus, and Oryzias latipes genomes was well conserved, with five exons interrupted by four introns (Supplemental Fig. S1 , all Supplemental Data available online at www.biolreprod.org). Although the splicing junctions were conserved, sizes of exons and introns varied between the different species ( Supplemental Fig. S2 ). The gsdf genes localized to a syntenic chromosomal fragment conserved in vertebrates as described previously [10] .
In order to determine the putative transcription initiation site and delineate the putative 5 0 untranslated region (5 0 UTR), we searched nucleotide databases for expressed sequence tags (ESTs) corresponding to the gsdf messenger RNA. We identified 11 ESTs overlapping the open reading frame of the gene (Supplemental Fig. S3) . Although ESTs showed different sizes for the 5 0 UTR, comparison of the cDNA nucleotide sequences with the genomic sequence allowed us to predict the 5 0 UTR. We did not detect any noncoding exon, and the first exon contains the translation initiation codon ATG.
Interestingly, alignment of the protein sequences deduced from the gene and corresponding EST sequences showed four amino acid polymorphisms (Supplemental Fig. S3 ). These polymorphisms were conserved in ESTs originating from different libraries. We confirmed these observations by the molecular cloning of two gsdf variant cDNAs from zebrafish testis (Genbank accession numbers JF912881 and JF912882). The first polymorphic amino acid is located in the signal sequence at position 15 (glycine or glutamic acid residues). Another amino acid polymorphism of the protein results from the alternative use of a splice acceptor site in the first intron of the gsdf gene. This alternative splicing leads to the incorporation of an additional serine residue at position 30 of the protein. This additional serine is always associated with the presence of an asparagine residue at position 51. In absence of the serine residue, the asparagine residue is replaced with an aspartic acid residue at position 50. The fourth polymorphic site is located in the TGF-b domain at position 159, where either a proline or a leucine residue is observed. The nucleotide alignment of the 11 ESTs showed additional differences, particularly in the [CA] repeats of the 3 0 UTR. In conclusion, despite differences between the genomic sequence and ESTs described above, there was no evidence of a duplicated copy of the gsdf gene in zebrafish.
The Proximal Promoter Region of the gsdf Gene Targets Male and Female Gonads in Transgenic Zebrafish
The zebrafish gsdf gene proximal promoter fragment extending from À2041 to þ2 relative to the putative translation start site was isolated from genomic DNA and fused to the open reading frame of the enhanced green fluorescent protein (eGFP; Fig. 1 ). This region overlaps most of the spacing region separating gsdf from the upstream ppef2 gene. The Dr_gsdf:eGFP transgene construct was microinjected into one-cell-stage zebrafish embryos, and transgenic offsprings were identified by genotyping using genomic DNA extracted from caudal fin biopsies. Two independent zebrafish transgenic lines named C2 and C5 were established. Expression of the Dr_gsdf:eGFP transgene was followed from F1 to F3 generations.
THE gsdf PROMOTER TARGETS THE GONADS Although the skin of adult animals was pigmented and opaque, transgene expression in the gonad was detectable by external and internal macroscopic observations of the fluorescence for the two independent zebrafish transgenic lines (Fig.  2) . In adult females, the fluorescence occupied the entire ventral region of the abdominal cavity and spread to the urogenital papilla. Direct observation of the ovary showed strong fluorescence around small oocytes (Fig. 2) . Note that the intensity of the fluorescence was decreased around the large periovulatory oocytes (diameter . 500 lm). In adult males, the fluorescence was much higher and drew a fine straight line under the swim bladder. Direct observation of the testis showed a high fluorescent mesh topology. The strong fluorescence resulting from transgene expression in the gonads allowed the selection of transgenic juveniles and sex determination of transgenic adults based on external fluorescence examination.
In order to determine whether the tissue expression profile of the transgene was similar to that of the endogenous gsdf gene, the steady state levels of the gfp and endogenous gsdf transcripts were determined by Q-PCR on a panel of nine tissues collected from adult male and female transgenic zebrafish. As expected, both transcripts were restricted to the male and female gonads, with much higher expression levels in the testis compared to the ovary (Fig. 3) .
The Proximal Promoter Region of the gsdf Gene Targets the Sertoli and Granulosa Cells in Adult Transgenic Zebrafish
The cellular expression of the gsdf and gfp transcripts was first determined in the gonads of sexually mature transgenic zebrafish using the WMISH technique.
In testis, the gfp and gsdf transcripts were detected in the Sertoli cells lining the lobules. The staining was mainly localized in the cytoplasm around the nucleus but also in the cytoplasmic digitations in contact with the premeiotic and meiotic germ cells. The staining appeared stronger in the Sertoli cells in contact with spermatogonia. The gsdf and gfp transcripts were detected neither in the interstitial compartment nor in germ cells. Transgene expression in the Sertoli cells was confirmed by immunohistochemistry. The GFP protein was detected in the cytoplasmic digitations of the Sertoli cells delineating all types of spermatocysts. However, a higher staining was observed in the Sertoli cells in contact with spermatogonia (Fig. 4) . Using a double labeling with the amh FIG. 2 . Macroscopic detection of transgene expression in the gonads of transgenic zebrafish. Dr_gsdf:eGFP transgene expression was investigated at a macroscopic level by internal examination of adult transgenic zebrafish. In females, the fluorescence was detected only in the ovary (A-C) and was preferentially localized around the small and growing oocytes (C). In males, transgene expression was observed only in the testis (D-F), and a fluorescent and irregular mesh topology was observed (F). Bars ¼ 500 lm (A-E) and 250 lm (F).
FIG. 3.
The proximal gsdf gene promoter drives transgene expression specifically in the gonads of transgenic zebrafish. The tissue expression pattern of the endogenous gsdf gene and transgene was assessed on reversed-transcribed total RNA by real-time Q-PCR on zebrafish transgenic lines. Tissues were collected from three fish, and results were normalized to the 18S rRNA. Note that the tissue distribution of the gfp transcripts is similar to that observed with the endogenous gsdf transcripts. Both genes are expressed at higher levels in the testis compared to the ovary. B, brain; E, eye; F, fin; G, gills; H, heart; L, liver; M, muscle; O, operculum; Ov, ovary; T, testis.
gene transcripts as Sertoli cell markers, we showed that GFP protein colocalized with the amh transcripts, confirming that Dr_gsdf:eGFP transgene is expressed in the Sertoli cells (Supplemental Fig. S4 ).
In the ovary, the endogenous gsdf gene was detected in the granulosa cells surrounding oogonia and/or previtellogenic oocytes. The staining was higher in the granulosa cells in contact with the oogonia and/or early primary oocytes. Interestingly, the number of granulosa cells expressing the gsdf transcripts decreased as oocyte differentiation progressed. No gsdf transcript was detected in the granulosa cells in contact with large vitellogenic oocytes. Despite several attempts, no gfp transcripts could be detected in the ovary, suggesting that transgene mRNAs were expressed at levels too low in sexually mature female ovary to be detectable using the WMISH technique. Using the immunochemistry technique (Fig. 5 ), we were able to detect transgene expression in the granulosa cells surrounding the oogonia and the previtellogenic oocytes, but also in the large vitellogenic oocytes ([ . 300 lm). The intensity of the staining and the number of highly stained granulosa cells surrounding the periovulatory oocytes were decreased (Fig. 5, D and E) . No staining was observed in the theca cell layers or in the oocytes (Fig. 5H) .
Taken together, our data indicate that cell-specific expression of the transgene is similar to that observed for the endogenous gsdf gene in the male and female gonads. Transgene expression is decreased in the somatic cells, supporting the development or the differentiation of spermatids/spermatozoa and large vitellogenic/periovulatory oocytes.
Dr_gsdf:eGFP Transgene Expression Is First Detected Prior to the Sexual Differentiation of the Gonads
The temporal expression of Dr_gsdf:eGFP in zebrafish gonads was studied by external examination during the early development and the sexual differentiation periods. No fluorescence was detected in the fish before 15 dpf. In 16 dpf juveniles, a fluorescent network was first detected under the posterior part of the swim bladder, in accordance with the location of the gonad at this stage of development (Fig. 6 ). In the following days, the fluorescence lining the swim bladder rapidly progressed to the anterior and posterior part of the abdomen to reach the urogenital papilla in sexually mature adult animals. We were able to detect endogenous gsdf gene expression in the gonads of 16 dpf zebrafish (Supplemental Fig. S5 ). At this developmental stage, gsdf gene expression is restricted to the somatic cells surrounding the premeiotic germ cells, likely the precursors of the Sertoli/granulosa cells. No gsdf transcript was detectable at 14 dpf. All together, these observations indicate that transgene expression is in agreement with the temporal expression of the endogenous gsdf gene, and occurs in zebrafish juvenile ovary prior to the first histological differentiation of the male and female gonads.
The gsdf Proximal Gene Promoter Harbors Evolutionarily Conserved cis Regulatory Motifs Among Teleostean Fish Species
In order to further understand the mechanisms underlying Sertoli and granulosa cell-specific gene expression, we searched for conserved DNA motifs within the first 2 kb of the proximal gsdf gene promoter. The nucleotide sequences of the gsdf promoter extracted from the genome of stickleback (Gasterosteus aculeatus), fugu (Takifugu rubripes), medaka (Oryzias latipes), and zebrafish (Danio rerio) were aligned. We identified six conserved DNA motifs that were located upstream of the translation initiation codon ATG (Fig. 7) . Conservation of these putative transcription factor binding sites suggests that they may have an important role in gsdf gene transcription. One of the conserved regions located about À100 bp upstream of the ATG did not match any consensus sequences for known transcription factor binding sites. THE gsdf PROMOTER TARGETS THE GONADS However, the DNA motifs located at about À160, À170, À200, À220, and À480 bp contained putative binding sites for known transcription factors, including Caat-enhancer binding proteins/ AP2/Interleukin 6 responsive element, TFIID/GATA, SF1, SOX, and USF1/2, respectively.
The Zebrafish Proximal Promoter Does Not Drive Efficient Transgene Expression in Medaka Gonads
In order to determine whether the proximal gsdf gene promoter was able to target transgene expression in the gonads of other fish species, we generated four independent and stable transgenic medaka lines selected by individual genotyping. No fluorescence was detected by external examination. Transgene expression was monitored using Q-PCR, but gfp transcripts were barely detectable only in the gonads of two out of four transgenic lines. The quality of the medaka cDNA preparations was demonstrated by monitoring medaka gsdf transcripts. As expected, the endogenous medaka gsdf gene was expressed in both gonads and at higher levels in the testis compared to the ovary (Fig. 8) . Samples from zebrafish transgenic gonads were also used as positive control. Moreover, we were not able to detect the gfp transcripts and protein in medaka gonads using the WMISH and immunohistochemistry techniques, respectively. This indicated that transgene expression was rather low in medaka gonads. We concluded that the 2-kb proximal promoter region of the zebrafish gsdf gene was not capable to drive efficient transgene expression in medaka gonads.
DISCUSSION
The Polymorphism of the Gsdf Protein in Zebrafish May Have Important Regulatory Functions
Our observations show that gsdf gene structure is well conserved in teleostean fish, although exon and intron lengths vary. Analysis of the gsdf transcripts expressed in zebrafish gonads revealed for the first time the putative occurrence of polymorphic mature Gsdf proteins that differ by two amino acid substitutions and one addition of a serine residue by alternative splicing. The amino acid substitution at position 15 occurs within the putative signal sequence. The second substitution and addition of an extra serine residue are located within the prodomain that may be important for the processing of the protein. The last amino acid change (at position 159) occurs inside the TGF-b domain of the mature protein.
We have no evidence that both variants are translated, but several studies have reported the important impact of protein polymorphisms on the reproductive functions. For instance, mutations in the N-terminal domain of the AMH protein, another related TGF-b member expressed in the gonads, cause persistent Müllerian duct syndromes in human [29] . Similarly, polymorphisms of BMP15 are associated with ovulation rate and litter size in sheep [30, 31] . One of these polymorphisms, caused by the substitution of a conserved cystein, alters the maturation and secretion of the BMP15 protein [30] . We still do not know to what extent the polymorphisms observed on Gsdf proteins may affect protein production, secretion, processing, monomer dimerization, and/or binding affinity to its receptor. The biological significance of the polymorphisms observed on Gsdf proteins would deserve further investigations.
The gsdf Gene Expression Pattern Is Conserved in Teleosts Despite Differences in Their Reproductive Biology
In zebrafish, we demonstrate that gsdf gene expression is restricted to the Sertoli cells in contact with premeiotic and meiotic cells and in the granulosa cells surrounding oogonia/ early primary oocytes. Expression of the gsdf transcripts is decreased in the somatic cells in contact with postmeiotic male germ cells or large vitellogenic oocytes. This expression   FIG. 5 . The gsdf proximal gene promoter drives transgene expression specifically to the granulosa cells in the ovary of transgenic zebrafish. The cellular localization of the endogenous gsdf gene was studied in zebrafish ovaries using the WMISH technique (A, B). Transgene expression was studied by immunohistochemistry using a commercial antibody directed against the GFP protein and was revealed with either the alexa 488 fluorochrome conjugated secondary antibody (D-F) or the HRP-DAB detection system (G-I). The gsdf transcripts (A, B) and GFP protein (D, E, G, H) were both detected in granulosa cells surrounding previtellogenic primary oocytes ([ , 40 lm). However, the GFP protein was also detected in granulosa cells surrounding previtellogenic and vitellogenic primary oocytes (D, E, G, H) . Note that the number of stained granulosa cells and the fluorescence intensity decreased around the large periovulatory oocytes ([ . 500 lm). No staining was observed in the theca cells (H). No signal was detected using a sense riboprobe for gsdf mRNA (C). In addition, no signal was observed in ovaries collected from wild-type (WT) animals and incubated with the GFP antibody (F, I). Bars ¼ 10 lm (B, E, H) and 50 lm (A, C, D, F, G, I). th, theca layers; gr, granulosa cells; ch, chorion; Oo, previtellogenic and vitellogenic oocytes; pOo, periovulatory oocytes.
pattern is similar to that observed previously in two other teleostean fish species. In trout, a gonochoric and seasonal breeder with spermatogonial niches disseminated all along the seminiferous tubules, the relative abundance of the gsdf transcripts decreases soon after spermatogenesis onset [7] in the Sertoli cells [8] . This expression pattern is in agreement with the functional analyses of Gsdf. In trout, the number of PGC decreases in Gsdf-morphant embryos, and antibodies directed against Gsdf inhibit in vitro spermatogonial cell proliferation [8] . In sexually mature medaka, spermatogonia are restricted to the germinative end of the lobules and localized at the periphery of the testis. Interestingly, gsdf is also higher in the Sertoli cells located at the periphery of the testis, in agreement with the Gsdf expected function in spermatogonial cell proliferation. In addition, gsdf gene expression levels decrease in the Sertoli and granulosa cells in contact with meiotic and postmeiotic cells [9, 10] .
Recently, gsdf gene expression was correlated with testicular differentiation in medaka since expression first occurs at 6 dpf in the Sertoli progenitor cells of developing males [9] . We found that gsdf gene expression is detectable prior to male differentiation in 16-day-old zebrafish. This observation suggests that gsdf may be involved in the sexual differentiation of the gonad, but its putative direct role in testis differentiation is questionable in zebrafish, since juvenile zebrafish are nonfunctional hermaphroditic protogynes.
In summary, despite different testicular differentiation mechanisms and spatio-temporal spermatogenetic organization (restricted or disseminated germinal niches, seasonal versus continuous gametogenesis), the expression pattern of gsdf is evolutionarily conserved in the gonads and is consistent with a role of Gsdf in regulating premeiotic/meiotic germ cell proliferation and/or differentiation in teleosts.
The gsdf Proximal Promoter Drives Sertoli/Granulosa Cell-Specific Expression and Contains Evolutionarily Conserved cis DNA Motifs
In order to delineate the cis DNA regulatory regions responsible for tissue-and cell-specific expression of the gsdf gene, we generated zebrafish transgenic lines carrying the gfp reporter gene under the control of a 2-kb proximal promoter fragment of the zebrafish gsdf gene. We demonstrated that transgene expression mimicked the spatio-temporal expression pattern of the endogenous gsdf gene in the Sertoli cells. Similarly, the 2-kb promoter fragment was able to drive GFP expression mainly in the granulosa cells surrounding oogonia and vitellogenic oocytes. The detection of the GFP protein, but not the endogenous gsdf transcript in the granulosa cells surrounding vitellogenic oocytes, is likely due to the longer half-life of the GFP protein compared to that of the gsdf transcript. Interestingly, the intensity of the fluorescence and THE gsdf PROMOTER TARGETS THE GONADS the number of fluorescent granulosa cells were decreased around the periovulatory oocytes, indicating that transgene expression was repressed during the maturation process of the oocytes. Although this decrease was delayed in granulosa cells, transgene expression was in agreement with the endogenous gsdf gene expression pattern.
Taken together, our data indicate that the short promoter sequence tested in this study contains all the information required for regulation and for Sertoli and granulosa cellspecific expression. Interestingly, a detailed analysis of the proximal promoters collected from different teleostean genomes revealed the presence of evolutionarily conserved DNA motifs. The conservation of these motifs suggests they may play a crucial role in the positive or negative regulation of gsdf gene transcription during fish spermatogenesis. In addition, most of the motifs correspond to binding sites for known transcription factors, some of which were already involved in Sertoli and/or granulosa cell-specific gene expression.
A GATA core motif located about À170 bp from the translation initiation start site (ATG) is conserved in zebrafish, green spotted pufferfish, stickleback, fugu, and medaka. This motif corresponds to the binding site of six zinc finger transcription factors forming the GATA multigene family in mouse. GATA4 [32] and GATA6 [33, 34] are expressed in granulosa cells. GATA1 [35] , GATA2 [36] , GATA4, and GATA6 [37] are expressed in Sertoli cells. Interestingly, GATA4 and its FOG2 cofactor are required for normal differentiation of the Sertoli cells in mouse [38, 39] . The inactivation of these genes decreases Amh, a-Inhibin (Inha), Star, and Sox9 gene expression [40] [41] [42] [43] .
Another binding site for the steroidogenic factor 1 (SF1) is evolutionarily conserved approximately À200 bp upstream to the ATG. The sf1 gene is expressed in Sertoli and granulosa cells in zebrafish [44] . Interestingly, SF1 cooperates with GATA factors for efficient transcription of the murine Amh gene [40] . A binding site for transcription factors belonging to the SOX/SRY family is also located on the gsdf gene promoter, FIG. 7 . The gsdf proximal gene promoter harbors conserved DNA motifs corresponding to putative transcription factor binding sites. A) The proximal promoter regions of the gsdf gene identified in stickleback (Gasterosteus aculeatus; Ga), takifugu (Takifugu rubripes; Tr), medaka (Oryzias latipes; mk), and zebrafish (Danio rerio; zf) genomes were aligned using the MUSCLE software. Evolutionarily conserved DNA motifs are boxed. Binding sites for known transcription factors were determined using TESS and are reported on the top of each corresponding binding motif. SF1, steroidogenic factor 1; IL6RE, interleukin 6 responsive element; SOX, SRY-related HMG box-containing proteins; GATA, transcription factors of the GATA family; AP2, activator protein 2; USF1/2, upstream stimulatory factors 1 and 2; CEBP, CAAT-enhancer binding proteins. B) Schematic representation of the putative cis DNA regulatory elements located on the gsdf proximal promoter. A conserved motif that does not match the consensus sequence of known transcription factor binding sites is represented with a gray box.
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immediately upstream of the SF1 putative binding site at position À220 bp. In mouse, SOX9 binding to the Amh proximal promoter is essential to the initiation of Amh gene expression during fetal development. The sox9 gene is highly expressed in Sertoli cells of zebrafish juveniles [45] and correlates well with high gsdf gene expression. However, other SOX proteins may regulate gsdf gene expression. In mouse, Sox8 is expressed in Sertoli cells [46] and granulosa cells [47] , whereas Sox6 is expressed in Sertoli cells [48] .
It is intriguing that several binding sites for transcription factors that were already involved in cell-specific regulation of the amh gene in mammals are also present within the proximal promoter of the gsdf gene. Interestingly, gsdf is phylogenetically closely related to amh, another member of the TGF-b superfamily [10] . Moreover, we have observed that amh and gsdf share a similar expression pattern during spermatogenesis onset in trout [7, 49, 50] , suggesting that these two genes may be controlled in part by common regulatory pathways.
Additional conserved regulatory elements are present within the gsdf gene promoter, including an E-box located À480 bp upstream of the ATG. The E-boxes are binding sites for the upstream stimulatory factors (USF1 and USF2). These factors are involved in Sertoli cell-specific expression of the FSH receptor gene (Fshr), but they are not sufficient, suggesting that cell-specific expression is achieved through the cooperation of multiple factors [51] . Interactions between the USF, SF1, and GATA factors are suspected to regulate Fshr gene transcription in Sertoli cells [52] .
Altogether, the evolutionary conservation of binding sites for transcription factors expressed in Sertoli and/or granulosa cells supports their biological relevance. Further investigations will be required to demonstrate their functionality and whether they cooperate to dictate cell-specific gene expression.
The Zebrafish 2-kb gsdf Promoter Fragment Failed to Drive Efficient Transgene Expression in Medaka Gonads
To determine whether the regulatory pathways controlling gsdf gene expression may be conserved and generalized among Teleosts, we have generated transgenic medaka lines using the same zebrafish promoter fragment. Although evolutionarily conserved DNA motifs were present within the 2-kb promoter fragment, no efficient expression of the gfp reporter gene was observed in the gonads of transgenic medaka. This observation may result from the low identity (49%) shared by the medaka and zebrafish proximal promoters over the first 2 kb. In addition, the intergenic region that separates the gsdf gene from the upstream ppef2 gene is much larger in medaka (9 kb) compared to that in zebrafish (2.5 kb). The extra sequence in medaka may include additional regulatory elements required for an efficient expression in this species. Previous studies have documented that transgene expression levels were dependent on the number of inserted copies and/or on the influence of the insertion site [53] . However, no or poor transgene expression was observed in four independent medaka transgenic lines, suggesting that the insertion sites and/or gene copy numbers may not be the cause of transgene silencing. High transgene expression levels can be achieved in fish using heterologous promoters [54] , but limitations were also described depending on the promoters used [55] . Zebrafish and medaka are phylogenetically distant fish species that diverged about 110 million years ago. This may have resulted in the evolution of the DNA/protein and/or protein/protein interactions. Coevolution events have been reported where a change within the DNA binding domain of a transcription factor and its cognate cis regulatory element have occurred in a compensatory fashion [56, for review].
The Dr_gsdf:eGFP Transgenic Lines Will Be Valuable Animal Models to Investigate the Reproductive Function
In medaka, a transgenic line expressing the gfp reporter gene in the Sertoli and granulosa cells has already been reported [23] and was used to characterize the germ cell niches in ovary [24] . This medaka transgenic line was generated using a large DNA fragment from a BAC clone to achieve high GFP expression. To our knowledge, we report the first zebrafish transgenic model that expresses the gfp reporter gene specifically in the Sertoli and granulosa cells. The Dr_gsdf:eGFP transgenic zebrafish will be a valuable animal model for numerous applications, including in vivo and in vitro cell tracing and investigations on gonadal somatic cell differentiation. In addition, further detailed analysis of the short 2-kb gsdf proximal promoter fragment could reveal new molecular mechanisms involved in Sertoli/granulosa cell-specific gene transcription. Finally, the gsdf gene promoter will be a promoter of choice to modulate gene expression and/or function in the Sertoli and/or granulosa cells in vivo.
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